Effects of inbreeding and heterosis and the difference between them were estimated by comparing linecross (L), topeross (T), inbred (I) and control line (C) Hereford females for reproductive and preweaning growth traits of their progeny. Inbred females (average inbreeding coefficient = 26.5%) originated from four single-sire inbred lines. Control females (average inbreeding coefficient = 6.9%) were produced by a four-sire, 60-cow line. Linecross females were produced from all possible reciprocal crosses of the I lines. Topcross females were produced by mating I bulls to C cows. Differences in pregnancy rate among these lines were not detected. Effects of maternal heterosis were positive for both prenatal and posmatal survival. The weaning rate by L females exceeded the weaning rate by I females as a result. Prenatal survival was reduced in calves from I females relative to those from C females, resulting in corresponding differences in birth and weaning rates. Differences in the magnitudes of maternal heterosis and inbreeding effects were not detected, except for birth weight. For birth weight the effect of maternal inbreeding was of greater magnitude than the effect of maternal heterosis. Within the I and C lines regressions of pregnancy rate, prenatal survival, birth rate, postnatal survival, weaning rate, weaning weight/cow exposed, birth weight and weaning weight on the inbreeding coefficients of the cows indicated significant inbreeding depression on all traits except pregnancy rate and posmatal survival.
Introduction
Received May 18, 1988 . Accepted September 26, 1988 Reduced performance in beef cattle resulting from inbreeding is well documented (Flower et al., 1963; Brinks et al., 1965; Dinkel et al., 1968 Dinkel et al., , 1972 Krehbiel et al., 1969) . A comprehensive analysis of inbreeding effects from extensive beef cattle breeding research conducted by eight states in the Western Region was reported by Brinks and Knapp (1975) . Inbreeding generally lowers the rate of growth and reduces the level of fitness in populations. However, few studies have examined the effects of inbreeding and heterosis manifested in crossline mating on maternal traits of beef cattle. Evaluation of individual heterosis recovered in crossing inbred lines has been studied by Bailey et al. (1977) and Kress 895 et al. (1979) . Brinks et al. (1972) evaluated heterosis in preweaning maternal traits among lines of Hereford cattle. General and specific combining abilities of inbred lines of Hereford cattle were reported subsequently (Grapevine et al., 1975) . This study was conducted to 1) evaluate the effects of inbreeding, 2) evaluate the magnitude of maternal heterosis in crossline matings and 3) directly compare estimates of maternal heterosis and inbreeding depression from contemporary females for reproduction and maternal traits.
Materials and Methods
Hereford females used in this study originated from the South Dakota Agricultural Experiment Station (SDAES) beef cattle breeding project and were transferred to the Roman L. Hnaska U.S. Meat Animal Research Center (MARC) following weaning in 1969 and each year from 1971 to 1974. At SDAES, four inbred lines (lines 1, 2, 3 and 8) were maintained from 1952 through 1974 with approximately 15 cows and one sire/line/year. Each of the four lines originated from different sires; however, the original sires of lines 2 and 3 were related. Decisions to terminate inbred lines other than these four were based on inherited abnormalities (i.e., dwarfism) or the closing of a substation, but not on the basis of growth performance. For this study, females resulting from within line matings are treated as one group (I = inbreds). Inbreeding calculations were based on pedigree evaluation using 1930 as the base year. The average inbreeding coefficient of females representing the inbred group (Fi) was 26.5%.
The control line (C), designated line 12 in earlier reports (Dinkel et al., 1968) , was formed in 1955 using non-inbred foundation cows and bulls from each line. Thus, the foundation of the control line and the inbred lines did not differ initially in average genetic merit. From that time the control line was maintained using 60 cows (equal to the total number of inbreds with 15 cows in each of four lines) and four sires each year. Within the control line, two of the four bulls were replaced each year subject to the restriction that no more than two of the four bulls in use could be from one sire. Matings within the control line were at random, except that matings of half-sibs or more closely related individuals were avoided. The average inbreeding coefficient of control line females (Fc) was 6.9%. Selection criteria did not differ between inbred and control lines. Thus, differences between the control line and the inbred lines were level of inbreeding, drift and possible differences in response to selection.
The mating plan in this study perpetuated the inbred and control lines while producing progeny from contemporary linecross (L) and topcross (T) females. Linecrosses were produced by making reciprocal crosses among all inbred lines. Topcrosses were produced by mating inbred bulls from each of the four inbred lines to control line cows. Breeding assignments were made to prevent inbreeding in the production of topcrosses.
Females used in this study were spring calves born in 1969 and 1971 through 1974, except that no control lines females were born in 1973. The spring calving season was approximately 10 wk in length and started about March 20 of each year. The females were raised in a range environment without creep feed and were weaned in mid-October. Further details concerning the history, line formation, management and selection practices were presented by Dinkel et al. (1968) . Following weaning, the heifer calves were restricted to a drylot and introduced to bunk feeding. After weaning stress had subsided, normally during December, the females were transferred from SDAES to MARC, where they were combined with other groups of replacement heifers being grown in preparation for breeding as yearlings. The numbers of females and their progeny and the average levels of inbreeding of the females and their sires and dams are presented in Table 1 .
The first breeding season in this study was 1970. All females were exposed either to unrelated Hereford or to Angus bulls. They were palpated for pregnancy each fall and open females were removed. Culling for lack of reproductive performance was severe as a result. Therefore, analyses for reproductive traits were based on l st-yr performance of heifers. However, records of calves from cows of all ages were analyzed for birth weight and 200-d weight. The experiment continued through weaning in the fall of 1978.
The last birth-year group of females had the opportunity to wean three calf crops. Females produced in preceding years also had the opportunity to produce calf crops through 1978, provided they had not been removed for 'None of the progeny produced were inbred.
failure to conceive or for some other reason relating to soundness. In addition to pregnancy, records were taken on birth date, birth weight, calf survival and weaning weight. All weaning weights were adjusted to 200 d by multiplying average daily gain from birth to weaning by 200 and adding birth weight. The first set of analyses involved one record for each of the 182 heifers exposed, or subsets thereof. Dependent variables for the first analysis were: pregnancy rate (0 = calf not born alive, 1 = calf born alive), weaning rate (0 = calf not weaned, 1 = calf weaned) and weaning weight/heifer exposed (kg). Two subsets of these data, one limited to records of cows that tested pregnant (n = 130) and the other limited to cows giving birth to live calves (n = 123), were analyzed to examine effects on survival from pregnancy testing to parturition (prenatal survival) and from parturition to weaning (postnatal survival), respectively. The second set of analyses were conducted using records from cows of all ages. The dependent variables were birth weight (n = 576) and weaning weight (n = 514). The data were analyzed with the mixed model program LSML76 (Harvey, 1982) under model type 3. Specifically, fixed line of cow-year of birth subclasses were formed. Cows, considered random, were nested within the subclasses. Breed of service sire and year of birth were confounded in the first set of analyses as a consequence of yearling heifers having been exposed to only one breed of sire within a year. In the second set of analyses the breed of sire of the calf and its sex were included as fixed classification effects and linear and quadratic partial regressions on age of cow also were included. Interactions of the fixed effects were tested in preliminary analyses, found not to be important (P > .10), and deleted from the final analyses.
Four contrasts of cow lines, calculated as estimable functions of the data, were of primary interest. Maternal heterosis (H m) was computed by comparing the performance Of linecross dams with inbreds (L-C). The maternal inbreeding effect was estimated directly by the difference between inbred and control lines (I-C) and by dividing this difference by the difference in average inbreeding between females in the inbred lines and females in the control line (I m = (I-C)/(Fi-Fc)). The magnitudes of inbreeding and heterosis effects were compared (D = H m + (Fi) (Ira)). In addition, when the test of the hypothesis for equality of groups might be rejected (P < .10) the least significant difference test was used to separate the group means. Group means were declared different at the .05 level of significance.
Regressions on inbreeding of cow were computed on a within group basis for the inbred and control lines. The models used to compute these "whole plot regressions" (Harvey, 1977) were otherwise similar to those previously described for the respective traits.
Results and Discussion
Least-squares means and standard errors for reproductive traits of 2-yr-old first-calf heifers and maternal performance of cows all ages are presented in Table 2 . Estimated effects of maternal inbreeding and heterosis and difference between them derived from the contrasts of line effects are presented in Table 3 . In order to facilitate comparisons with other published literature, partial regressions on percent inbreeding also are presented in Table  3 .
Reproductive Traits of First-Calf Heifers.
The four breed groups exhibited similar pregnancy rates (P = .69). The estimate of I m was small (P = .92) and positive. However, the Brinks and Knapp (1975) . The difference between the I m and R m results from intra-line variation in inbreeding effects on the latter estimate. The estimated effect of H m on pregnancy rate (P = .79) was considerably smaller than that observed when crossing breeds. Cundiff et al. (1974a) reported 5.2 percentage units superiority for crossbred females compared to the average of straightbreds of three British breeds. The estimate of D, which attempts to measure any residual heterosis after correcting for inbreeding depression, was not different from zero (P = .32).
Prenatal survival was reduced in the inbreds relative to the controls (P < .05) and within the inbred and control lines as level of inbreeding increased (P < .05). The effect of H m on prenatal survival was positive (P < .05). Thus, the effects of inbreeding and heterosis were offsetting, and the estimate of D was not significant (P = .36). Progeny of inbred females were less likely to survive from lines (26.5%) and F, = pregnancy testing until birth than were the progeny of the other groups of females. Prenatal survival rates of progeny from control, linecross and topcross females were similar.
As a result of the significant effect of inbreeding on prenatal survival, the estimate of I m for birth rate, although not significant (P = .40), was larger than the corresponding estimate for pregnancy rate. It is of comparable magnitude to the effect of inbreeding on birth rate derived from Brinks and Knapp (1975) . However, birth rate was reduced (P < .05) with increased levels of inbreeding in both the inbred and control lines. The estimate of H m (P = .21) falls within the range of maternal heterosis estimates for the rate of live births from crossbreeding experiments (3 to 15%, mean = 9%) summarized by Long (1980) . There was no apparent increment of heterosis for birth rate over and above that which would be expected from the recovery of inbreeding depression (P = .71).
No differences in postnatal survival were detected among groups (P = .17). Inbreeding effects (Im and R m) on postnatal survival, although of sufficient magnitude to be important, were not significant (P = .36 and P = .65, respectively). The estimate of H m was positive for postnatal survival (P < .05). The effects of inbreeding and heterosis were offsetting and the estimate of D was not significant (P = .36).
The estimate of I m for weaning rate (P = .19) was larger than reported by Brinks and Knapp (1975) . The estimate of R m (P < .05) indicates a reduction in weaning rate with increasing levels of inbreeding. Note both I m and R TM increased in magnitude from pregnancy rate to rate of live births to weaning rate (Table 3) . Dinkel et al. (1972) reported that viability appeared to be affected more severely by inbreeding than by fertility. These results support that conclusion. The estimate of H m for weaning rate was greater than zero (P < .05) and much larger than most estimates from breed crosses (Long, 1980) . However, the corresponding estimates of D did not differ from zero (P = .89). Thus, indications are that, as for the other reproductive traits, the effect of heterosis for weaning rate reflects the recovery of losses associated with inbreeding depression. In addition to weaning more calves than inbred females, linecross females also weaned significantly more calves than did topcross females. Otherwise, differences among the groups were not significant.
Weaning weight/cow exposed for breeding combines fertility, viability and growth potential. It was evaluated from the first calf heifer data. The inbred and control lines did not differ in weaning weight/cow exposed (P = .21). However, inbreeding reduced the weaning weight/cow exposed (P < .05) within the inbred and control lines. The estimate of H m (P < .05) is larger than the 21 kg reported by Cundiff et al. (1974a) . However, Cundiff et al. (1974a,b) noted that maternal heterosis tended to decline with age of cow for preweaning growth traits. As with the fertility and viability traits, the estimates of I m and H m did not differ (P = .73). Other than the significant difference between the inbred lines and linecrosses, the groups were not different in weaning weight/ cow exposed.
Growth Traits for Progeny of Cows at All Ages. The reduction in birth weights observed between inbred and control lines (P < .05) attributed to inbreeding appears to be greater than what has been reported previously. However, the regression of birth weight on inbreeding did not differ from zero (P = .41). Likewise, Nelms and Stratton (1967) reported no effect of inbreeding of dam on birth weight. Swiger et al. (1962) reported small, but positive, regression coefficients for birth weight of calves on percent inbreeding of dam. Converting the partial regression coefficients reported by Brinks and Knapp (1975) to kilograms revealed effects of similar magnitude. The estimate of H m for birth weight observed in this study was larger than other reports in the literature. Brinks et al. (1972) , comparing linecross cows with inbred cows, each bred to produce straightbred calves, reported 1.5% maternal heterosis for birth weight. The magnitude of I m for birth weight was larger (P < .05) than the estimate of H m. Thus, it appears that not all the inbreeding depression of birth weight was recovered through heterosis.
Calves from inbred cows weighed less (P < .05) at weaning than calves from the control cows (P < .05), and within the inbred and control lines, weaning weights were reduced as the level of inbreeding increased (P < .05). Nelms and Stratton (1967) reported no effect of inbreeding of dam on weaning weight. Dinkel et al. (1968) , analyzing data from the same research project that produced the Hereford females used in this study, reported partial regression coefficients of-.51 kg in male calves and -1.5 kg in female calves on percent inbreeding of dam. The estimate of I m from this study and the regression on inbreeding are comparable to those reported by Dinkel et al. (1968) . The estimate of H m was larger than the 8.4 kg reported by Cundiff et al. (1974b) based on crossbred cows and also was larger than the maternal heterosis estimate of 8.3 kg reported for lines of Hereford cattle by Brinks et al. (1972) . The magnitude of I m did not differ from that of H m (P = .48).
General Discussion. The contrast of inbred and control lines confounds any additive genetic differences that may exist between lines with estimated effects of inbreeding. However, the control line was formed from the same foundation cows and bulls used to form the inbred lines. Thus, the initial gene frequencies in inbred and control lines had similar expectations. Drift is not expected to change gene frequency, except at random. Averaging the inbred lines should increase the level of conformity to this expectation for the four lines taken together. Selection criteria, growth rate to a year of age, was the same for the inbred lines and the control line. Intensity of selection was similar in both inbreds and controls. Replacement rates for four singlesired inbred lines with 15 females per line were approximately equivalent to those for a four-sire control lines with 60 females. Therefore, the expectation is that the inbred and control lines do not differ in additive genetic merit. Thus, the differences between them are attributed to the effects of inbreeding.
In a study of maternal heterotic effects resulting from crosses of inbred lines on preweaning traits by Brinks et al. (1972) , 36 calves were out of inbred dams and 223 calves were out of linecross dams. Numbers of inbred females and control females in the present study (Table 1 ) also are limited. Thus, the power of the test for contrasts of interest is low, even for effects of sufficient magnitude to be important. However, the two experiments together provide for a more adequate assessment of the effects of heterosis in crosses of inbred lines on reproduction and maternal traits than does either experiment alone.
In the present study, estimates of inbreeding depression and levels of inbreeding tend to be greater than those reported by Brinks et al. (1972) and most other reports for beef cattle. Because heterosis may be hypothesized to result from restoration of heterozyggsity, the higher levels of inbreeding could partly explain the higher estimates of H. Further, it generally is agreed that the inbreeding effect is to delay maturity (Dinkel et al., 1972) , and higher levels of maternal heterosis are expected in young cows (Davenport et al., 1965) . In addition, it has been suggested that the effects of heterosis increase with increasingly stressful environmental conditions (Keller and Brinks, 1978; Barlow, 1981) . The averaged performance of the females in this study appeared low, suggesting that the environment that they experienced was suboptimal. Their average weight at time of delivery to MARC was less than 170 kg, suggesting that their preweaning environment limited preweaning growth. The females were transferred to MARC during the development phase of the Research Center when efforts still were being directed toward improving pastures and expanding facilities. The nutritive environment provided from time of delivery to MARC until the fu'st breeding season was suboptimal for heifers bred first as yearlings, particularly in view of the low initial weights of these heifers.
If heterosis is based only on dominance and is entirely dependent on the restoration of heterozygosity, then heterosis plus inbreeding depression should approximate zero. The resuits of this study, like those found between breeds by Koch et al. (1985) , provide only scant evidence in support of alternative hypotheses to the dominance model for inbreeding depression and heterosis in beef cattle. The contrast of the inbreeding effect and the heterosis effect was only significantly different from zero for birth weight. Even then the magnitude of the inbreeding effect was greater than that of the heterosis effect.. Roberts (1960) examined litter size in crosses of 30 inbred lines of mice in an earlier attempt to test this hypothesis. Non-inbred progeny were produced from non-inbred parents. Like the results of the present study with beef cattle, only the restoration of losses associated with inbreeding depression was observed. Therefore, the results of this study and other literature indicate that effects of inbreeding are detrimental to reproduction and maternal performance in cattle. Crossing inbred lines results in significant heterosis. However, performance levels of linecrosses apparently are
